Numerical verification of variable friction cladding connection for multihazard mitigation by Gong, Yongqiang et al.
Civil, Construction and Environmental 
Engineering Publications 
Civil, Construction and Environmental 
Engineering 
4-29-2020 
Numerical verification of variable friction cladding connection for 
multihazard mitigation 
Yongqiang Gong 
Iowa State University 
Liang Cao 
Lehigh University 
Simon Laflamme 
Iowa State University, laflamme@iastate.edu 
See next page for additional authors 
Follow this and additional works at: https://lib.dr.iastate.edu/ccee_pubs 
 Part of the Construction Engineering and Management Commons, Controls and Control Theory 
Commons, and the Dynamics and Dynamical Systems Commons 
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
ccee_pubs/278. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html. 
This Article is brought to you for free and open access by the Civil, Construction and Environmental Engineering at 
Iowa State University Digital Repository. It has been accepted for inclusion in Civil, Construction and Environmental 
Engineering Publications by an authorized administrator of Iowa State University Digital Repository. For more 
information, please contact digirep@iastate.edu. 
Numerical verification of variable friction cladding connection for multihazard 
mitigation 
Abstract 
The motion of cladding systems can be leveraged to mitigate natural and man-made hazards. The 
literature counts various examples of connections enhanced with passive energy dissipation capabilities 
at connections. However, because such devices are passive, their mitigation performance is typically 
limited to specific excitations. The authors have recently proposed a novel variable friction cladding 
connection capable of mitigating hazards semi-actively. The variable friction cladding connection is 
engineered to transfer lateral forces from the cladding element to the structural system. Its variation in 
friction force is generated by a toggle-actuated variable normal force applied onto sliding friction plates. 
In this study, a multiobjective motion-based design methodology integrating results from the previous 
work is proposed to leverage the variable friction cladding connection for nonsimultaneous wind, seismic, 
and blast hazard mitigation. The procedure starts with the quantification of each hazard and performance 
objectives. It is followed by the selection of dynamic parameters enabling prescribed performance under 
wind and seismic loads, after which an impact rubber bumper is designed to satisfy motion requirements 
under blast. Last, the peak building responses are computed and iterations conducted on the design 
parameters on the satisfaction of the motion objectives. The motion-based design procedure is verified 
through numerical simulations on two example buildings subjected to the three nonsimultaneous 
hazards. The performance of the variable friction cladding connection is also assessed and compared 
against different control cases. Results show that the motion-based design procedure yields a 
conservative design approach in meeting all of the motion requirements and that the variable friction 
cladding connection performs significantly well at mitigating vibrations. 
Keywords 
Motion-based design, cladding, multiple hazards, semi-active control, variable friction, high performance 
control system 
Disciplines 
Construction Engineering and Management | Controls and Control Theory | Dynamics and Dynamical 
Systems 
Comments 
This is a manuscript of an article published as Gong, Yongqiang, Liang Cao, Simon Laflamme, James 
Ricles, Spencer Quiel, and Douglas Taylor. "Numerical verification of variable friction cladding connection 
for multihazard mitigation." Journal of Vibration and Control (2020). DOI: 
10.1177%2F1077546320923933. Reprinted by permission of SAGE Publications. 
Authors 
Yongqiang Gong, Liang Cao, Simon Laflamme, James Ricles, Spencer Quiel, and Douglas Taylor 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/ccee_pubs/278 
Numerical Verification of Variable Friction Cladding Connection for
Multi-Hazard Mitigation
Yongqiang Gonga, Liang Caob,f, Simon Laflammea,c, James Riclesb,d, Spencer Quielb,d, Douglas Taylore
aDepartment of Civil, Construction, and Environmental Engineering, Iowa State University, Ames, IA 50011, USA
bATLSS Engineering Research Center, Lehigh University, Bethlehem, PA 18015, USA
cDepartment of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011, USA
dDepartment of Civil and Environmental Engineering, Lehigh University, Bethlehem, PA 18015, U.S.A
eTaylor Devices, North Tonawanda, NY 14120, U.S.A
fCorresponding author, e-mail: lic418@lehigh.edu
Abstract
The motion of cladding systems can be leveraged to mitigate natural and man-made hazards. Literature
counts various examples of connections enhanced with passive energy-dissipation capabilities at connections.
However, because such devices are passive, their mitigation performance is typically limited to specific
excitations. The authors have recently proposed a novel variable friction cladding connection (VFCC)
capable of mitigating hazards semi-actively. The VFCC is engineered to transfer lateral forces from the
cladding element to the structural system. Its variation in friction force is generated by a toggle-actuated
variable normal force applied onto sliding friction plates. In this paper, a multi-objective motion-based
design (MBD) methodology integrating results from previous work is proposed to leverage the VFCC for
non-simultaneous wind, seismic, and blast hazard mitigation. The procedure starts with the quantification
of each hazard and performance objectives. It is followed by the selection of dynamic parameters enabling
prescribed performance under wind and seismic loads, after which an impact rubber bumper is designed to
satisfy motion requirements under blast. Lastly, the peak building responses are computed and iterations
conducted on the design parameters upon the satisfaction of the motion objectives. The MBD procedure
is verified through numerical simulations on two example buildings subjected to the three non-simultaneous
hazards. The performance of the VFCC is also assessed and compared against different control cases.
Results show that the MBD procedure yields a conservative design approach in meeting all of the motion
requirements, and that the VFCC performs significantly well at mitigating vibrations.
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1. Introduction
Motion-based design (MBD) is a design strategy that consists of sizing a structural system to meet a
given level of motion criteria under design loads (Connor and Laflamme, 2014). This strategy may include
the incorporation of supplemental damping systems during the structure’s design, construction, and rehabil-
itation phases (Filiatrault et al., 2001; Guo and Christopoulos, 2013). Over the last decades, passive energy
dissipation systems have been widely accepted and deployed to enhance structural resiliency against natural
and man-made hazards. Because the performance of these systems is typically frequency bandwidth-limited,
they are usually designed and utilized to mitigate single types of hazards. A solution to improve structural
performance to multiple types of hazards, or multi-hazards, is the design of semi-active (Bitaraf et al., 2010;
Cao et al., 2018a) or hybrid (Fisco and Adeli, 2011; Kim and Kang, 2011) energy dissipation systems, which
have been shown capable of high mitigation performance over large frequency bandwidths using limited
power input (Cao et al., 2016). Of interest to this paper are energy dissipation systems at the cladding level,
in particular damping strategies addressing the multi-hazard mitigation challenge.
Early research on leveraging cladding for energy dissipation focused on blast mitigation using sacrificial
cladding panels and energy dissipative cladding connections. Sandwich cladding (Alberdi et al., 2013; Yang
et al., 2011), double-layer foam cladding (Ma and Ye, 2007; Wu and Sheikh, 2013) and composite tube-
core cladding (Theobald and Nurick, 2010; Van Paepegem et al., 2014) are examples of sacrificial cladding
elements, while rotational friction hinge (Chen and Hao, 2013a;b), viscoelastic spider (Amadio and Bedon,
2012), and metallic yielding connections (Wang et al., 2017) are examples of blast mitigation connections.
Passive cladding connections have also been proposed to reduce wind and seismic vibrations. For example,
hysteretic cladding connections including U-shaped flexural plate connectors (Baird et al., 2013) and W-
shaped folded steel plate connectors (Dal Lago et al., 2018) have been presented and tested for seismic
mitigation. Frictional cladding connections, including bolted friction connectors (Ferrara et al., 2011) and
braced friction connectors (Maneetes and Memari, 2014), have been implemented to supplement the lateral
load resistance for cladding. Advanced flexural cladding connections are also been studied to leverage the
inertia of the cladding system in mitigating vibrations (Fu and Zhang, 2016; Pipitone et al., 2018).
Limited semi-active energy dissipation systems at the cladding level have been studied by the research
community. The authors have recently proposed a variable friction cladding connection (VFCC) (Gong et al.,
2018). The device leverages the inertia of cladding elements for multi-hazard mitigation. Other mitigation
systems utilizing the inertia of building components have been proposed in literature (Anajafi and Medina,
2018b; Xiang and Nishitani, 2014; Sakr, 2017; Xiang and Nishitani, 2015). Here, VFCC is engineered
to laterally connect cladding elements to the structural system. Its variable friction force is generated
by sliding friction plates onto which a variable normal force is applied via an adjustable toggle system.
The characterization of the VFCC’s friction mechanism has been conducted in a laboratory environment
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on a prototype (Gong et al., 2018). The authors have also developed MBD procedures and numerically
demonstrated the ability of the VFCC to improve building performance under three individual hazards:
wind (Gong et al., 2019a), seismic (Gong et al., 2019b), and blast (Cao et al., 2018b). The objective of this
paper is to integrate these results for multi-hazard mitigation by meeting multi-objective requirements.
The paper is organized as follows. Section 2 presents background on the VFCC device. Section 3
summarizes analytical transfer functions that are the foundations of MBD procedures under wind, seismic,
and blast hazards. Section 4 introduces the multi-hazard design procedure. Section 5 numerically verifies
the MBD procedure on two prototype buildings. Section 6 summarizes and concludes the paper.
2. Semi-active Cladding Connection
The VFCC device is shown in Fig. 1. It consists of two sets of friction plates onto which a variable
pressure is applied by an actuator via adjustable toggles. It is engineered to be utilized under different
control states. During daily operation, the VFCC is locked to provide a high friction force by keeping the
toggles in a vertical alignment (Fig.1(a)). In this high friction state, there is no slippage under low-to-
moderate loadings and the VFCC acts as a stiff connector. This locked state is passive and also used to
mitigate blast, where the maximum static friction force is designed to be exceeded by the design blast load
and to enable energy dissipation via slippage. Remark that semi-active control capabilities are not activated
to mitigate a blast load due to the high rate nature of the event (Hong et al., 2018). For wind and seismic
applications, the VFCC is used as a variable friction damper by actuating the toggles (Fig.1(b)), where
structure-cladding motions are leveraged to limit acceleration transfer and/or reduce inter-story drift.
(a) (b)
Figure 1: VFCC installed in a floor slab (top view) showing two control states: (a) locked device; and (b) semi-locked device.
The dynamic characterization of the device was conducted on a fabricated prototype in a laboratory
environment in prior work (Gong et al., 2018). A LuGre friction model was used to represent its dynamic
friction force Ff versus the sliding displacement x. Fig. 2 plots representative dynamic response of the
device prototype in terms of actuation capacity using the parameterized LuGre model.
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(a) (b)
Figure 2: Dynamics of the friction device under a harmonic excitation of amplitude 13 mm at 0.05 Hz under various levels of
actuation capacity: (a) force-displacement loop; and force-velocity loop.
2.1. Impact rubber model
A nonlinear impact model for rubber shock absorbers was selected to simulate the use of the rubber impact
bumper with the VFCC. It consists of the 3-stage nonlinear hysteretic model developed by Polycarpou et al.
(Polycarpou et al., 2013). The model was applied to mitigate blast effects in prior work (Cao et al., 2018b).
The impact force Fr is characterized by
Fr =

krx
2.65
r if xr ≤ xr,u ẋr > 0
krx
2.65
r,u + kr,y(xr − xr,u) if xr > xr,u ẋr > 0
krx
2.65
r (1 + crẋr) if ẋr < 0
(1)
where xr and xr,u are the indentation and the ultimate compression capacity of the rubber bumper, re-
spectively, ẋr represents the relative velocity of the colliding surfaces, kr and kr,y are the impact stiffness
constant and the post-yield stiffness, respectively, and cr is the impact damping coefficient. The value of cr
is estimated using the semi-empirical equation from Ref.(Polycarpou et al., 2013)
cr =
3(1− c2r0)
2cr0ẋimp
(2)
where ẋimp is the impact velocity and cr0 is the coefficient of restitution. The impact stiffness kr of a specific
rubber bumper is taken as
kr = Urkr,s = UrKrArl
−2.65
r (3)
where Ur > 1 is a strain rate-dependent coefficient and kr,s is the static stiffness of the rubber pad, which
is computed based on the material’s stiffness Kr, the contact area of the bumper Ar, and the bumper’s
thickness lr. Example values for all parameters are given in Ref. (Polycarpou et al., 2013).
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3. Methodology
In this section, the analytical transfer functions characterizing the structure-cladding interaction under
wind, seismic, and blast loads are presented. These transfer functions will be used for conducting the MBD
process.
3.1. Structure-cladding model
The structure equipped with the semi-active cladding system is assumed to behave elastically following
the MBD procedure. First, the structure is simplified into lumped-mass shear building. Second, a cladding
panel is simplified as a rigid mass spanning two adjacent floors and laterally connected to the structural
system through the VFCC, assuming that the gravitational load is taken by a traditional connector. Fig.
3(a) diagrams an n-story structure equipped with a semi-active cladding system, and Fig. 3(b) diagrams the
VFCC connection. The VFCC connection includes a stiffness element kc, a viscous damping element cc0, a
variable friction element producing a constant friction force Fc under blast or an adjustable friction force Ff
under seismic and wind loads, and a rubber bumper element producing a force Fr (Eq. 1). Note that xc,i
refers to the relative displacement between the ith cladding point to its connected structural floor.
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(a) (b)
Figure 3: Simplified representations for an n-story structure equipped with a semi-active cladding system: (a) structure-cladding
model; and (b) cladding connection model.
3.1.1. Equations of motion under blast load
The equations of motion of the system under blast load are derived for a high-rate blast event. A typical
air blast pressure wave where the high-rate air pressure rapidly builds up to a peak reflected pressure value σp
and then decays over duration tp (Li and Meng, 2002). The pressure continues to drop to the negative pressure
σn and gradually dissipates over duration tn (Larcher, 2008). This typical air blast pressure is approximated
by an idealized model through linearizing its positive phase and neglecting the negative pressure region (i.e.,
σn ≈ 0), yielding the associated blast load pb(t)(Cao et al., 2018b)
pb(t) =
 p̂b
(
1− ttp
)
if 0 < t < tp
0 if t > tp
(4)
where the peak value of blast load p̂b = σpA, and A is the area of the cladding element. The blast-induced
forces are assumed to fully transfer to the structure through the cladding connections, with no blast energy
dissipation or absorption from the cladding element, yielding a conservative solution (Cao et al., 2018b).
Considering the rapid time decay of the blast load, the structure-cladding interaction at each connecting
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node is studied using the single-degree-of-freedom (SDOF) model shown in Fig. 3(b). In this configuration,
the structural floor is assumed to be fixed assuming that the dynamic response of the primary structure
itself is negligible during the first half-cycle of the cladding motion (Karagiozova et al., 2010; Olmati et al.,
2014). The equations of motion of the SDOF representation are developed to compute the peak dynamic
response of the cladding element:
mcẍc + cc0ẋc + kcxc + Fc(ẋc) = p̂b(1−
t
tp
) for 0 < t < tp (5a)
mcẍc + cc0ẋc + kcxc + Fc(ẋc) = 0 for tp ≤ t < tr (5b)
mcẍc + cc0ẋc + (kc + keq)xc + Fc(ẋc) = 0 for t ≥ tr (5c)
with the friction force of the passive-on VFCC represented by the Coulomb model:
Fc(ẋc) =

−Fc0 if ẋc < 0
0 if ẋc = 0
Fc0 if ẋc > 0
where tr is the time point when the cladding hits the rubber surface. Remark that results from a previous
study showed that tr  tp (Cao et al., 2018b). Once the cladding panel collides with the impact rubber
bumper, the system dynamics is represented by Eq. 5(c) and the rubber model is approximated using a
linear stiffness element keq to obtain the analytical solution of the maximum rubber deformation. Note that
the linear stiffness element cannot dissipate energy during a full cycle of harmonic motion. It is only used to
represent the rubber dynamics during the gap-closing phase. To do so, the hysteresis of the impact rubber
bumper is compared to the hysteresis of a linear stiffness element over the first quarter cycle of harmonic
motion. Assuming a periodic motion of the impact rubber surface xr(t) = x̄r sin(Ωt), the energy dissipation
of the equivalent stiffness element Wr over this quarter cycle is expressed as
Wr =
∫ x̄r
0
keqxrdxr =
1
2
keqx̄
2
r (6)
where x̄r is the amplitude of periodic motion and assumed to be half the thickness of impact rubber to avoid
exceeding the ultimate compression capacity xr,u = 80%lr reported in Ref. (Polycarpou et al., 2013). The
energy dissipation Wr at the approaching phase of the rubber bumper can be computed using Eq. 1
Wr =
∫ x̄r
0
Frdxr =
∫ x̄r
0
krx
2.65
r dxr =
1
3.65
krx̄
3.65
r (7)
and equating Eq. 6 and Eq. 7 gives keq = 0.55krx̄
1.65
r .
3.1.2. Equations of motion under and wind and seismic loads
Under wind and seismic loads, the structure-cladding spacing lc and rubber thickness lr are designed such
that lcr = lc − lr > xc (Fig. 3(b)) to prevent the cladding element from colliding with the rubber bumper.
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For simplicity of the design process and field applications, the mass of cladding panel mc, the stiffness kc
and viscous damping cc of the cladding connection are taken to be identical at each floor. Following the
assumptions of equivalent viscous damping and approximating motion through the first modal response
of the structure and the cladding (as verified in (Gong et al., 2019a;b)), the governing equations of the
structure-cladding system under loads of pw,i and ag, are reduced to
mseq̈s1 + cseq̇s1 + kseqs1 = −
n∑
i=1
φs,1imsiag +
n∑
i=1
αi(kceqc1,i + cceq̇c1,i) (8)
mceq̈c1,i + cceq̇c1,i + kceqc1,i = pw,i −mceag − αimceq̈s1 (9)
where Φs1 = [φs,11 φs,12 . . . φs,1n]
T is the first modal vector of the primary structure with φs,1n normal-
ized to unity, and αi =
1
2 (φs,1i−1 +φs,1i) for i = 2, ..., n and αi =
1
2φs,1i for i = 1 are the nodal displacements
of the equivalent single-degree-of-freedom (SDOF) structure qs1 ≈ xsn of dynamic properties defined as
mse = Φ
T
s1MsΦs1 ; cse = Φ
T
s1CsΦs1 ; kse = Φ
T
s1KsΦs1 (10)
where Ms ∈ Rn×n, Cs ∈ Rn×n, and Ks ∈ Rn×n are respectively the mass, damping, and stiffness matrices
associated with the primary structure.
The first modal vector of each cladding element Φc1 = [1 1]
T and the nodal displacement of the ith
cladding element qc1,i ≈ xc,2i−1 ≈ xc,2i are used to construct an expression for the cladding modal mass
mce, damping cce, and stiffness kce:
mce = Φ
T
c1mcΦc1 = mc ; cce = Φ
T
c1ccΦc1 = 2cc ; kce = Φ
T
c1kcΦc1 = 2kc
where mc ∈ R2×2, cc ∈ R2×2, and kc ∈ R2×2 are respectively the mass, damping, and stiffness matrices
associated with each cladding element.
3.2. Transfer functions
Blast Load
The transfer solutions of blast-induced response (Eqs.5) are derived using Duhamels integral and the
analytical solutions after integration by parts when 0 < t < tp are given by (Cao et al., 2018b)
xc(t) = e
−ξωnt
(x0 − Fc
kc
)
cosωdt+
ẋ0 +
(
x0 − Fckc
)
ξωn
ωd
sinωdt
+ Fc
kc
+
p̂b
kc
[
1− e−ξωnt
(
ξ√
1− ξ2
sinωdt+ cosωdt
)]
− p̂b
kctp
[
t− 2ξ
ωn
+
e−ξωnt
ωn
(
2ξ cosωdt+
2ξ2 − 1√
1− ξ2
sinωdt
)]
(11)
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and
ẋc(t) = e
−ξωnt
[
ẋ0 cosωdt−
(
x0ωn − Fckc ωn + ξẋ0√
1− ξ2
)
sinωdt
]
+
p̂bωne
−ξωnt
kc
√
1− ξ2
sinωdt
− p̂b
kctp
[
1− e−ξωnt
(
cosωdt+
ξ√
1− ξ2
sinωdt
)] (12)
where x0 and ẋ0 are the initial conditions at t = 0, and ξ, ωn and ωd are the damping ratio, natural frequency,
and damped frequency of the cladding element, respectively. Note that the above solution is derived for each
connection node and the corresponding cladding mass for blast design mb is taken as half of the cladding
mass mc (e.g., mb = mc/2). The solutions of Eqs. 11 and 12 with xc(tp) and ẋc(tp) at t = tp are then used
as initial conditions to solve Eq. 5 (b), yielding
xc(t) = e
−ξωn(t−tp)
(xc(tp)− Fc
kc
)
cosωd (t− tp) +
ẋc(tp) +
(
xc(tp)− Fckc
)
ξωn
ωd
sinωd(t− tp)
+ Fc
kc
(13)
where tp ≤ t < tr. Taking the derivative of Eq. 13 equal to zero, the maximum displacement of the cladding
xc,max without considering the rubber bumper element is expressed
xc,max = e
−ξωn(t1−tp)
√[
xc(tp)− Fckc
]2
ω2d +
[
ẋc(tp) +
(
xc(tp)− Fckc
)
ξωn
]2
ωd
+
Fc
kc
(14)
with the occurring time t1 in first cycle
t1 = ω
−1
d tan
−1
 ẋc(tp)√1− ξ2(
xc(tp)− Fckc
)
ωn + ξẋc(tp)
+ tp (15)
Note that xc,max refers to the maximum absolute value of all structure-cladding displacement xc,i (
xc,max= max (| xc,1(t) | , | xc,2(t) |, · · · , | xc,2n(t) |) ). Following the collision time tr, if occurs, the rubber
deformation xr(t) is obtained by solving Eq. 5 (c), which is similar to the solutions for Eq. 5 (b) but with
a new stiffness element knew = kc + keq. The maximum rubber deformation xr,max is derived
xr,max = e
−ξrωr(t2−tr)
√
[xc(tr)kc + Fc]
2
ω2r + [ẋc(tr)knew − (xc(tr)kc + Fc) ξrωr]
2
ωrknew
+
Fc + kcxc(tr)
knew
(16)
with xc(tr) = lc − lr and the associated time
t2 = ω
−1
r tan
−1
[
ẋc(tr)knew
√
1− ξ2r
−Fcωr − kcxc(tr)ωr + ξrknewẋc(tr)
]
+ tr (17)
where ξr and ωr are the modified damping ratio and damped frequency, respectively, with regard to the new
stiffness element knew.
A non-dimensional analytical solution is then defined to represent the structure-cladding displacement,
Hcb(λ) =
xc,max
p̂b/kse
(18)
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and two additional non-dimensional analytical solutions are used to facilitate the sizing of the rubber bumper
Hr1(λ) =
xr,max
p̂b/kse
(19a)
Hr2(λ) =
Icladding
Iblast
=
mcẋc(tr)
1
2 p̂btp
(19b)
where the frequency ratio λ = Ω/ωs with the excitation frequency defined as Ω = 2π/tp, ẋc(tr) is the velocity
of the cladding when impacting with the rubber bumper at t = tr, Icladding is the momentum of the cladding
at t = tr, and Iblast is the initial impulse of the blast load.
Wind and Seismic Loads
To enable the MBD design, non-dimensional transfer functions representing the system’s dynamics under
harmonic loads are derived based on the above equations of motion. Under harmonic excitations of pw,i =
p̂w,ie
jΩt and ag(t) = âge
jΩt, the steady state response of the equivalent structure-cladding system has the
following form (Connor and Laflamme, 2014)
qs1 = q̂s1e
j(Ωt+δs) (20a)
qc1,i = q̂c1,ie
j(Ωt+δci) (20b)
where the hat denotes an amplitude, j the imaginary unit, and δ the phase angles. Following the derivation
in previous work (Connor and Laflamme, 2014; Gong et al., 2019b;a), the non-dimensional transfer functions
Hs(λ) and Hc,i(λ) representing the dynamic amplification of the displacement of the SDOF structure and
of the displacement of the ith cladding relative to its connected floor are respectively written
Hsw(λ) =
q̂s1e
jδs
p̂e/kse
= f
2+j2ξcfλ
(1−λ2)(f2−λ2)−4ξcξsfλ2−µΓ2f2λ2+j[2ξcfλ(1−(1+µΓ2)λ2)+2ξsλ(f2−λ2)] (21)
Hcw,i(λ) =
q̂c1,ie
jδci
p̂e/kse
=
p̂w,i/p̂e + αiµλ
2Hsw(λ)
µ(f2 − λ2) + j2ξcµfλ
(22)
Hss(λ) =
q̂s1e
jδs
mseâg/kse
= − µΓ1f
2+(f2−λ2)Γm+j2ξcfλ(µΓ1+Γm)
(1−λ2)(f2−λ2)−4ξcξsfλ2−µΓ2f2λ2+j[2ξcfλ(1−(1+µΓ2)λ2)+2ξsλ(f2−λ2)] (23)
Hcs,i(λ) =
q̂c1,ie
jδci
mseâg/kse
=
αiλ
2Hss(λ)− 1
f2 − λ2 + j2ξcfλ
(24)
where the second subscripts w (wind) and s (seismic) denote the hazard, p̂e =
∑n
i=1 αip̂w,i the amplitude
of the equivalent load, Γ1 =
∑n
i=1 αi, Γ2 =
∑n
i=1 α
2
i , Γm =
∑n
i=1 Φs,1imsi/mse, µ is the mass ratio, f the
tuning frequency ratio, and λ the excitation frequency ratio between the cladding and the structure:
µ =
mce
mse
; f =
ωc
ωs
; and λ =
Ω
ωs
(25)
with
ωs =
√
kse
mse
; ξs =
cse
2mseωs
; ωc =
√
kce
mce
; and ξc =
cce
2mceωc
;
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An additional transfer function Haw(λ) representing the dynamic amplification of the structural acceler-
ation under forcing is given by
Haw(λ) =
âs1e
jδs
p̂e/mse
= −λ2Hsw(λ) (26)
where âs1 = Ω
2q̂s1 denotes the amplitude of the acceleration .
4. Motion-Based Design Procedure
The proposed MBD procedure for the semi-active cladding connection under multi-hazards is illustrated
in Fig. 4. It is conducted as follows.
1. First, the multi-hazard loads are quantified using analytical load models from section 4.1.
2. Second, the performance objectives are specified for each hazard, including the motion criteria for the
primary structure (the peak inter-story drift ratio ∆p, the peak structural acceleration ap) and the
cladding element (the allowable structure-cladding spacing lc).
3. Third, the cladding connection (kce and ξc) is initially designed under wind and seismic loads for a
prescribed rubber-cladding spacing lcr 6 lc. The rubber-cladding spacing lcr is selected such that the
rubber bumper would be used to dissipate impulsive blast energy when necessary, but not to collide
with the cladding panel under wind and seismic loads. The peak structural responses under wind and
seismic loads are then computed through non-dimensional analytical solutions and compared against
the corresponding performance objectives.
4. Fourth, the maximum drift ratio ∆w,max, maximum structural acceleration amax, and maximum
cladding displacement relative to the structure lcr,max under the wind load are computed using non-
dimensional analytical solutions Rs,w, Ra,w, and Rc,w, respectively, and the maximum drift ratio
∆smax, and the maximum cladding displacement relative to the structure lcr,max under the seismic
load are computed using non-dimensional analytical solutions Rs,s and Rc,s, respectively. Note that
Rs,w, Ra,w, and Rc,w are response factors of floor displacement, acceleration, and cladding displacement
under wind load, respectively, and Rs,s and Rc,s are response factors of floor and cladding displacement
under seismic load, respectively. Those response factors are computed as the ratio of the maximum
dynamic response to the static response.
5. Fifth, the performance metrics (∆s,max, ∆w,max, amax and lcr,max) are verified. If one or many perfor-
mance metric does not comply, an iterative process is conducted where one would choose between up-
dating the allowable structure-cladding spacing lc (option 1), adjusting the prescribed rubber-cladding
spacing lcr (option 2), or redesigning connection parameters kce and ξc (option 3). The blast load de-
sign is completed by sizing the rubber bumper parameters, including the prescribed rubber thickness
lr = lc− lcr and rubber stiffness kr. It is conducted via the iterative estimation of the maximum rubber
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deformation xr,max using Hcb, Hr1, and Hr2 and comparing against the allowable rubber deformation
xr,u = 0.8lr. Note that these rubber parameters (rubber thickness lr and rubber stiffness kr) are to be
determined heuristically and that no optimization is performed.
It must be noted that the cladding elements act as light tuned mass dampers and that the relative
structure-cladding displacements can be significant (Tributsch and Adam, 2012; Anajafi and Medina, 2018a).
It follows that the allowable structure-cladding spacing lc becomes an important design consideration. Also,
the design method is described considering a single wind, seismic, and blast, but could be easily extended
to multi-wind, multi-seismic, and multi-blast by conducting the process for every load under consideration
and sizing parameters for the governing events.
Figure 4: Motion-based design procedure.
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Under this MBD approach, the VFCC is assumed passive despite its semi-active capability under wind
and seismic events. Such design strategy is common in sizing a target damping capacity of high performance
control systems (HPCSs) (Scruggs and Iwan, 2003; Hiemenz et al., 2008; Cao et al., 2015; Downey et al.,
2016). The rubber dynamics is linearized using an equivalent stiffness element during the design phase. The
accuracy of these assumptions has been verified in prior work (Gong et al., 2019a;b; Cao et al., 2018b).
These simplifications yield trackable analytical solutions, which are necessary to give engineers tools to
quickly select dynamic parameters at design stage. Each step of the MBD procedure is described in what
follows.
4.1. Hazard quantification
This subsection presents the analytical models for the blast, wind, and seismic loads, which will be
used along with transfer functions to compute the peak system responses. Detailed analytical models and
derivations of transfer functions can be found in previous work (Cao et al., 2018b; Gong et al., 2019a;b).
Briefly, the design air blast pressure is determined based on the explosive charge weight represented as an
equivalent TNT mass of W in kg and the standoff distance R between the blast source and the target in
meters. The time-varying wind load Pw(t) acting on cladding panels is expressed as the sum of a mean
static wind force component P and a fluctuating wind force component pw(t). The fluctuating wind forces
pw(t) are modeled as a zero-mean Gaussian stationary and spatiotemporal field with its cross-spectral density
function obtained from a two-sided power spectral density function (PSDF) of the fluctuating wind speed (Li
et al., 2011). The seismic acceleration is modeled as a zero-mean Gaussian stationary process characterized
by a one-sided PSDF G(Ω) in the frequency domain (Vanmarcke, 1975; Giaralis and Spanos, 2010; Mart́ınez
et al., 2013). A discrete PSDF G(ΩN ) is computed using the design response spectrum Sg(ΩN , ξg) in ASCE
7-16 (ASCE, 2016) (Giaralis and Spanos, 2010; Cacciola et al., 2004).
4.2. Performance objectives
Motion criteria for wind design are associated with the average return period of the wind excitation
(e.g., 1, 10, 50 and 475 years). The commonly used criteria consist of the drift ratio ∆p that is selected
to minimize structural damage and the allowable acceleration ap that is linked to building serviceability.
Taking steel moment-resisting frame structures as an example, typical values for ∆p are within the range
1/750 ≤ ∆p ≤ 1/250 (Chan and Wong, 2008) to ensure serviceability over any wind loads’ return periods
and its exact threshold is left to the designer. The acceptable range for ap is used on the basis of Refs. (Li
et al., 2004) to ensure occupancy comfort. In particular, the threshold ap (m·s−2) is expressed as a function
of the average return period Q (yr) and the fundamental frequency of the structure fs (Hz) (Li et al., 2004)
ap = (0.68 + 0.2 lnQ)
√
2 ln(fsT )e
−3.65−0.41 ln fs (27)
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where T = 3600 s (1 hr) is a typical observation time of the wind event.
Performance criteria for seismic-induced motions are generally quantified on structural damage states
and inter-story drift limits. Cha et al. (Cha et al., 2014) list the criteria for typical steel moment-resisting
framed structures that allow the selection of drift ratio limits as a function of desired performance levels.
For blast-resistant design, the semi-active cladding systems are used to dissipate blast energy and reduce
blast-induced vibrations, with the rubber bumper designed within its ultimate compression capacity and the
cladding-structure displacement within its performance criterion. No other criterion is utilized. A prescribed
performance level regarding structural motion is not typically considered in current design practices (Cao
et al., 2018b). Remark that the prescribed performance objectives could be different. For instance, reducing
acceleration during a seismic event can be a critical performance objective, because acceleration-induced
damage to nonstructural components and building contents can cause significant economic losses.
The structure-cladding spacing must accommodate the installation and maintenance of the lateral cladding
connectors. A minimum structure-cladding spacing is often required and its value can be as high as 15 cm
(Pinelli et al., 1995). A maximum upper bound for the structure-cladding gap using enhanced flexible
connections can be set as high as 1 m based on values reported in Ref. (Fu and Zhang, 2016). To accom-
modate a large cladding-structure displacement, a new cladding connection system including a sliding rail,
for instance, would replace the traditional stiff connection. The new cladding connection system would be
designed to dissipate energy through elastic deformations under wind and seismic events with the cladding
panel assumed to be rigid and sustaining no damage, thus requiring no replacement after these hazards. In
the case where the cladding panel would sustain damage, it would de facto absorb an certain level of energy,
therefore making the design approach conservative despite that necessary costs associated with repairing the
broken elements.
4.3. Connection design
The cladding connection design process consists of iteratively selecting dynamic parameters until the
performance metrics are achieved under the design loads. A crucial step in this process is the computation
of the peak building response and its comparison against performance criteria. These non-dimensional
analytical solutions for the peak building response are presented in previous work (Gong et al., 2019a;b; Cao
et al., 2018b).
The cladding connection parameters (kc and ξc) are selected based on the non-dimensional analytical
solutions under wind and seismic loads, while the rubber bumper properties (kr and lr) are determined
under blast load. To start, an initial value for the stiffness kce is determined by selecting a tuning frequency
ratio f
kce = µf
2kse (28)
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Second, the damping ratio of the cladding connection ξc is chosen by minimizing the inter-story drift
ratio under f . An estimated value for ξc is computed by setting ∂Rs,s/∂ξc = 0, where Rs,s is the analytical
solution associated with the maximum drift ratio ∆s,max under seismic load, derived in previous work (Gong
et al., 2019b). For simplicity, structural damping is taken as ξs = 0 and setting ∂Rs,s/∂ξc = 0 yields
ξc =
√
(1 + µΓ2)f2
4
+
Γ2m
4(1 + µΓ2)(µΓ1 + Γm)2f2
+
(µΓ1 + Γm)µΓ2 − 2Γm(1 + µΓ2)
4(1 + µΓ2)(µΓ1 + Γm)
(29)
Note that structural damping is not considered to be negligible (ξs 6= 0) when computing the peak
building responses using the analytical solutions. After selecting initial values for the stiffness and damping
of the cladding connection, the peak building responses are computed under both design wind and seismic
loads and compared against their prescribed performance objectives. If the motion criteria are satisfied, the
design phase for seismic and wind is completed. Otherwise, an iteration is required by selecting either of the
three design options (Fig. 4). Afterwards, the friction damping capacity Fcp at each connection is obtained
using the equivalent viscous damping concept (Gong et al., 2019a)
Fcp =
1
4
πmceωcωs(ξc − ξc0)lcr (30)
where ξc0 =
cc0
2mceωc
, and the friction damping Fcp is equivalent to a viscous damping element under a
harmonic excitation acting on the first natural frequency of the structure ωs as well as the amplitude of
structure-cladding displacement taken as x̂c = lcr.
The connection parameters of the rubber bumper (lr and kr) are finalized under blast load. The maximum
structure-cladding displacement xc,max without considering the rubber bumper is computed and compared
against the performance objective lcr. It is obtained by substituting kc and Fcp into the analytical solution
Hcb (Eq.18). If xc,max 6 lcr, the cladding will not collide with the structure and a minimum rubber thickness
lr is used based on fail-safe requirements. Otherwise, the rubber thickness lr will be resized to dissipate blast
energy with a prescribed maximum rubber deformation xr,max computed using non-dimensional solutions
Hr1 and Hr2 (Eq.19). To prevent the impact rubber bumper from deforming into its yielding state, the
maximum rubber indentation xr,max is compared against the ultimate compression capacity xr,u = 0.8lr. If
xr,max 6 xr,u is satisfied, the design procedure is completed for blast load.
5. Numerical Simulations
5.1. Methodology
Example structures
Two steel moment-resisting frame structures are used to numerically verify and demonstrate the proposed
MBD procedure for multi-hazards. These two buildings, a 9-story and a 20-story building, are taken from the
literature (Ohtori et al., 2004) and modeled as lumped-mass shear buildings. Stiffness-proportional Raylehigh
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damping is used with the inherent first modal damping ratio is taken as ξs = 2% for each building. The first
three modal periods of the structures are 2.27 s, 0.79 s, and 0.49 s for the 9-story building and 3.78 s, 1.37
s, and 0.83 s for the 20-story building, respectively. The cladding elements are concrete panels with 30%
window open area, with a total length of 45.75 m and 36.6 m at each floor of the 9-story and 20-story building,
respectively (Ohtori et al., 2004). The densities of the concrete and glass window panels are taken as 2,400
kg/m3 and 2,800 kg/m3, respectively, and their thicknesses are 20 cm and 1 cm, respectively, yielding the
cladding mass and the cladding-floor mass ratios mci/msi for each building. A typical cladding-floor mass
ratio mci/msi ranges from 0.01 to 0.1 and previous parametric studies show that an increasing the mass
ratio mci/msi improves the mitigation performance for structural response (Gong et al., 2019a;b), analogous
to other research findings (Anajafi and Medina, 2018c; Hoang et al., 2008). The cladding mass is generally
varied by using different materials (e.g., glass, masonry or precast concrete). Note that the cladding-floor
mass ratios mci/msi defined here are different from the modal mass ratio µ = mce/mse where mse and mce
refers to the modal mass of the structure and cladding in transfer functions (Gong et al., 2019a;b).
Numerical method
The equations of motion of an n-story building equipped with a cladding system has the form:
Mẍ + Cẋ + Kx = −MEgag + Ewpw + Ebpb + EfF (31)
where x ∈ R3n×1 = [xs; xc] is the displacement vector with xs ∈ Rn×1 and xc ∈ R2n×1 being the displacement
vectors of the structural floors relative to the ground and of the cladding elements relative to the connected
structural floors, respectively. M ∈ R3n×3n, C ∈ R3n×3n, and K ∈ R3n×3n are the mass, damping, and
stiffness matrices of the building, respectively, and Eg ∈ R3n×1, Ew ∈ R3n×n, Eb ∈ R3n×2n, and Ef ∈ R3n×2n
are the location matrices for the ground acceleration ag, wind load vector pw ∈ Rn×1, blast load vector
pb ∈ R2n×1, and control input vector F ∈ R2n×1, respectively.
The state-space representation of Eq. 31 for the simulations is written
Ẋ = AX + Bgag + Bwpw + Bbpb + BfF (32)
where X = [x ẋ]T ∈ R6n×1 is the state vector and with
A =
 0 I
−M−1K −M−1C

6n×6n
; Bf =
 0
M−1Ef

6n×2n
;
Bg =
 0
−Eg

6n×1
; Bw =
 0
M−1Ew

6n×n
; and Bb =
 0
M−1Eb

6n×2n
The numerical algorithm follows the discrete form of the Duhamel integral (Connor and Laflamme, 2014):
X(t+ ∆t) = e
A∆tX(t) + A−1(eA∆t − I)[BfF(t) + Bgag(t) + Bwpw(t) + Bbpb(t)] (33)
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where ∆t is the discrete time interval and I ∈ R6n×6n is the identity matrix. Note that this discrete
state-space linear formulation is utilized to simulate the dynamic responses of the buildings assuming linear
behaviors. Although nonlinear structural performance may be expected for the uncontrolled buildings, its
effect on structural response has been found negligible if the structure remains close to linear (Ray-Chaudhuri
and Hutchinson, 2011). The nonlinear damping force F(t) from the VFCC is simulated using the LuGre
friction model (Gong et al., 2018).
Control system
A linear quadratic regulator (LQR) controller with full-state feedback is used to compute the required
control force vector Freq for the VFCCs under the semi-active control state
Freq = −GfX (34)
with the control gain matrix Gf ∈ R2n×6n tuned to minimize the performance objective index JLQR
JLQR =
1
2
∫ ∞
0
(XTRxX + F
TRfF)dt (35)
where Rx ∈ R6n×6n and Rf ∈ R2n×2n are the regulatory and actuation weight matrices, respectively. For
a given VFCC device of capacity Fcp, the required control force Freq,i(t) is not necessarily attainable and a
bang-bang type controller is adopted to produce the actual control force Fact,i(t) with
Fact,i(t) =

Freq,i(t) if Fcp > |Freq,i(t)| and Freq,i(t)ẋc,i(t) > 0
Fcp if Fcp ≤ |Freq,i(t)| and Freq,i(t)ẋc,i(t) > 0
0 if Freq,i(t)ẋc,i(t) ≤ 0
(36)
Afterwards, a corresponding voltage is obtained based on the actual control force Fact,i(t) of the device
and sent to the linear actuator acting on the toggles, yielding the kinetic friction force Fc,i(t) = Fact,i(t).
An optimal design of the controller is out-of-the-scope of this work and the regulatory and actuation
weight matrices are pre-tuned to Rx = diag[I20×20 5I7×7 100I3×3 10I6×6 I18×18] and Rf = 10
−13 ×
diag[I6×6 10I12×12] for the 9-story building, and Rx = diag[I20×20 10I13×13 20I17×17 40I10×10 250I5×5
400I10×10 100I5×5 I40×40] and Rf = 5×10−12diag[I10×10 10I10×10 50I20×20] for the 20-story building.
The semi-active simulation case (LQR) is compared against the passive-on (ON) case where the VFCC is
used under a constant maximum capacity and the uncontrolled (UN) case where the cladding is attached
using a conventional lateral stiffness connection. These stiffness connections used in the uncontrolled case
are conventional bearing connectors at the bottom and tie-back connectors at the top of cladding panels,
with lateral stiffness of each bearing connector and tie-back connector taken as 2335 kN/mm and 39 kN/mm
for the 9-story and 20-story buildings, respectively (Pantoli and Hutchinson, 2015). A total number of ten
connectors and twenty-four connectors are used at each floor for the 9-story and 20-story buildings, respec-
tively, and the stiffness element of the lateral connection kc is taken as the sum of these connectors at each
floor.
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Simulated hazards
• Blast load
The blast load is simulated with an amplitude p̂b computed based on a design explosive charge TNT
weight of W = 200 kg (approximate explosive mass in the trunk of a large car (Draganić and Sigmund,
2012)) and an arbitrary standoff distance of R = 25 m. Parameter values for the design blast load such as
load amplitude p̂b, time duration tp, and standoff distance R are computed at each cladding nodes of the
9-story and 20-story buildings.
• Wind load
The time series data for wind speed vi(t) is simulated as a multivariate stochastic process with cross-
spectral density matrix S(Ω) (Kaimal et al., 1972)
Sil(Ω) =
Sv(zi,Ω) if i = l√Sv(zi,Ω)Sv(zl,Ω)Coh(zi, zl,Ω) if i 6= l (37)
with the two-sided PSD Sv(zi,Ω) and the coherence function Coh(zi, zl,Ω) from literature (Li et al., 2011).
Time series are generated following the simulation algorithm for ergodic multivariate stochastic processes
from Deodatis (Deodatis, 1996). The simulated wind load Pw,i(t) acting on the cladding panels at the i
th
floor is generated using
Pw,i(t) =
1
2
ρCdAi [Vi + vi(t)]
2
(38)
where Vi is the mean wind speed at building height zi, and the air density is taken as ρ = 1.225 kg/m
3.
Note that both windward and leeward façade are modeled as a single panel on each floor. Therefore, wind
load acts on each cladding panel can be treated as the sum of windward and leeward wind force.
• Seismic load
A set of six different earthquakes are used for the simulations. Time history data of these ground
accelerations were extracted from the PEER ground motion record database (PEER, 2011) and scaled based
on the local design response spectrum at the fundamental period of each building. Table 1 shows the
dynamic characteristics and Fig. 5 plots the design response spectrum and the scaled response spectrum of
each ground motion.
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Table 1: Selected seismic excitations.
hazard location year station dist (km) mechanism
scale factor
9-story 20-story
EQ1 Northridge 1994 Ventura-Harbor 54.28 reverse 1.55 3.02
EQ2 Kern County 1952 Santa Barbara 81.3 reverse 1.18 2.03
EQ3 Landers 1992 Brea 137.44 strike-slip 1.56 1.75
EQ4 Imperial Valley 1979 EI Centro Array 8 3.86 strike-slip 0.55 0.68
EQ5 Chi-Chi 1999 CHY093 49.82 reverse-oblique 1.67 1.64
EQ6 Kobe 1995 Morigawachi 24.78 strike-slip 0.89 1.22
(a) (b)
Figure 5: Scaled response spectra of selected seismic excitations: (a) 9-story (fundamental period: Ts = 2.27 s); and (b) 20-story
(fundamental period: Ts = 3.78 s) buildings.
5.2. MBD procedure
Multi-Hazard Quantification
The design blast load is arbitrarily selected as equivalent to a 200-kg mass of TNT (e.g. W = 200 kg),
which approximately corresponds to a charge located in the trunk of a large car (Draganić and Sigmund,
2012), at a standoff distance of R = 25 m.
The wind load is designed based on a 3-second wind gust speed V0 = 33m/s at reference height of 10 m
with a return period of Q = 50 years using the wind hazard map from ASCE 7-16 (ASCE, 2016). A return
period of Q = 50 years is selected to be consistent with the nominal design wind speed in non-hurricane
regions of the United States (Vickery et al., 2009). The wind loading parameters determined based on the
building terrain (suburb) include the ratio of shear velocity of wind flow v∗/v∗0 = 1.15, surface roughness
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length z∗ = 0.3 m and its corresponding β = 5.25. The drag coefficient is taken as Cd = 1.4 and Cd = 1.3
for the 9-story and 20-story building, respectively, based on a rectangular building cross-section (Simiu and
Scanlan, 1996).
The seismic hazard is quantified based on the local design response spectra of the buildings, both located
in the State of California with corresponding spectral acceleration parameters SDS = 0.667 g and SD1 = 0.267
g (Cha et al., 2014). Using the seismic load model from section 4.1, an updated discrete design spectrum
compatible PSDF Gnew(ΩN ) can be obtained for design.
Performance Objectives
The performance objectives are prescribed based on hazard types. The allowable structure-cladding
spacing lc is set as 0.45 m and 0.55 m for the 9-story and 20-story building, respectively, for the preliminary
design phase, with an upper bound set to 1 m. Under wind load, the acceptable peak acceleration for
occupancy comfort is computed using Eq. 27 with values ap = 22.8 mg and ap = 27.3 mg for the 9-story and
20-story buildings, respectively, and the allowable lateral drift ratio set to ∆p < 0.4%. Under seismic load,
the allowable lateral drift is set to ∆p < 1% to maintain an elastic state (Ray-Chaudhuri and Hutchinson,
2011) within the life safety range as indicated in literatures (Cha et al., 2014; Council, 2000). The cladding
connection is designed to prevent the cladding element from colliding with the rubber bumper under wind
and seismic loads. Under blast load, the deformation of rubber bumper xr,max is designed to be within its
ultimate compression capacity xr,u, with xr,max 6 xr,u = 0.8lr.
Connection Design
Table 2 lists values for the modal mass mse and stiffness kse of the primary structure as well as the modal
mass ratio µ = mce/mse used for wind and seismic design, and the mass mb = mc/2 for blast design at each
connection node, where mc is the cladding mass. The cladding-rubber distances lcr for the design under wind
and seismic loads are pre-selected as 0.3 m and 0.4 m for the 9-story and 20-story buildings, respectively,
with a prescribed rubber bumper thickness of lr = 0.15 m for both buildings. The estimated maximum
responses of each building under design wind and seismic loads versus the tuning frequency ratios f are
plotted in Figs. 6 and 7. From the performance objectives on the peak drift ratio ∆p, peak acceleration ap,
and structure-rubber spacing lcr, a tuning frequency ratio f = 1.29 and f = 1.94 is selected for the 9-story
and 20-story buildings, respectively. The selection of the tuning frequency ratio f is governed, for both
buildings, by the cladding-rubber spacing lcr. This design yields a connection modal stiffness kce (Eq.28),
connection damping ratio ξc (Eq.29) and the total friction damping capacity at each floor Fcp (Eq.30). The
design parameters are listed in Table 2.
The blast load design is conducted based on three non-dimensional analytical solutions. Using these
design parameters, the maximum structure-cladding displacement without considering rubber bumper is
estimated as xc,max = 0.63 m and xc,max = 0.66 with corresponding values for Hcb = 1.75 and Hcb = 0.095
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for the 9-story and 20-story building, respectively. It shows that xc,max > lcr for both buildings and the
cladding is anticipated to collide with the cladding. With an initial rubber thickness lr = 0.15 m, it yields the
values for Hr2 = 0.85 and Hr2 = 0.75 for the 9-story and 20-story building, respectively. Selecting the values
for the rubber stiffness kr = 10
4kc at the 9-story building gives Hr1 = 0.1833 and xr,max = 0.065 m which
meets the requirement that xr,max = 0.065m < 0.8lr = 0.12m. Similarly, a rubber stiffness kr = 10
4kc at the
20-story building yields satisfactory performance with xr,max = 0.062m < 0.8lr = 0.12m and Hr1 = 0.0084.
These rubber parameters are listed in Table 2.
Table 2: Cladding connection design parameters.
parameters variable unit
value
9-story 20-story
structure parameters
mse 10
3 kg 4,528 5,057
kse kN·m−1 34,408 13,971
µ % 1.44 1.01
mb kg 43.3 34.6
motion criteria
∆p,s % 0.93 0.86
∆p,w % 0.15 0.27
ap millig 20.3 25.8
lc m 0.45 0.55
connection parameters
lr m 0.15 0.15
lcr m 0.3 0.4
f − 1.29 1.94
kce kN·m−1 822.8 529.1
ξc − 0.33 0.80
Fcp kN 27.2 34.3
kr 10
6 N·m−1 4,114 2,645
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(a) (b)
(c)
Figure 6: Peak responses of the 9-story building as a function of f : (a) ∆max; (b) amax; and (c) lcr,max.
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(a) (b)
(c)
Figure 7: Peak responses of the 20-story building as a function of f : (a) ∆max; (b) amax; and (c) lcr,max.
5.3. Numerical verification
The numerical verification consists of verifying the MBD procedure and demonstrating the performance
of the VFCC on the two example buildings.
Tables 3 and 4 list results on the performance objectives for the 9-story and 20-story buildings, re-
spectively, including the maximum interstory drift ratio ∆max, maximum acceleration amax, and maximum
structure-cladding displacement lcr,max. Results show that the passive-on (ON) case, which was used for the
MBD procedure, does not always meet the performance objectives. In particular, for the 20-story building,
one can observe that ∆max = 0.28% > ∆p = 0.27% and amax = 27 millig > ap = 25.8 millig under wind
load, and ∆max = 1.0% > ∆p = 0.86% under EQ5. This disagreement between the numerical results and
analytical solutions are attributed to the quality of the assumptions made to develop mathematically track-
able solutions, including 1) the negligence of higher modal responses of the structure; 2) the simplification
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of load inputs; and 3) the negligence of the VFCC’s nonlinearities by using an equivalent viscous system
(Gong et al., 2019b;a; Cao et al., 2018b). Results show that the quality of these assumptions could be
more important for seismic design, as the underestimation of the performance objectives was more notable
than under wind. Nevertheless, the semi-active VFCC (LQR) meets the quantified structural performance
objectives under each hazard, showing that the MBD procedure is largely conservative by assuming a passive
behavior of the device (ON case).
Table 3: Results for motion performance criteria: 9-story building.
hazard
∆max(%) amax(g) lc,max (m)
UN ON LQR UN ON LQR ON LQR
wind 0.15 0.14 0.14 0.026 0.019 0.017 0.23 0.26
blast 0.18 0.14 − 1.98 0.26 − 0.37 −
EQ1 0.66 0.60 0.47 0.16 0.15 0.14 0.06 0.19
EQ2 0.76 0.70 0.62 0.26 0.24 0.22 0.18 0.24
EQ3 0.79 0.74 0.50 0.17 0.15 0.13 0.15 0.19
EQ4 0.85 0.84 0.80 0.27 0.25 0.24 0.16 0.29
EQ5 0.66 0.61 0.50 0.17 0.17 0.16 0.08 0.16
EQ6 0.80 0.73 0.56 0.25 0.24 0.22 0.14 0.20
Table 4: Results for motion performance criteria: 20-story building.
hazard
∆max(%) amax(g) lc,max (m)
UN ON LQR UN ON LQR ON LQR
wind 0.28 0.28 0.25 0.039 0.027 0.023 0.26 0.36
blast 0.18 016 − 3.48 0.20 − 0.46 −
EQ1 0.85 0.76 0.54 0.31 0.28 0.19 0.15 0.35
EQ2 0.82 0.79 0.68 0.33 0.31 0.28 0.15 0.27
EQ3 0.80 0.79 0.58 0.16 0.16 0.15 0.02 0.21
EQ4 0.73 0.73 0.69 0.23 0.23 0.23 0.05 0.24
EQ5 1.02 1.00 0.71 0.16 0.16 0.14 0.02 0.23
EQ6 0.81 0.78 0.63 0.21 0.19 0.17 0.03 0.22
The next step is to assess the capability of the VFCC at mitigating structural vibrations. To do so, two
performance indices are defined:
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• Maximum inter-story drift reduction J1
J1 =
maxi,t|∆un,i(t)| −maxi,t|∆i(t)|
maxi,t|∆un,i(t)|
(39)
where the controlled inter-story drift ratio ∆i = (xs,i − xs,i−1)/hi for i = 2, 3, ..., n, ∆1 = xs,1/h1 for
i = 1, and ∆un,i refers to the uncontrolled inter-story drift ratio.
• Maximum absolute acceleration reduction J2
J2 =
maxi,t|ẍun,i(t)| −maxi,t|ẍi(t)|
maxi,t|ẍun,i(t)|
(40)
where the absolute acceleration ẍi = ẍs,i for i = 1, 2, ..., n is the acceleration for the controlled cases
and ẍun,i is the acceleration for the uncontrolled case.
Table 5 lists the simulation results for the two performance indices. Positive values for J1 and J2
correspond to a mitigation of the load. Results show that under both ON and LQR, the VFCC provides a
certain level of mitigation under all hazards. The LQR case exhibits significantly enhanced performance for
the vast majority of hazards, except under blast where the semi-active state is not activated. In particular,
the maximum reduction of the inter-story drift and acceleration under wind load reaches 13 % and 39.6 %,
respectively, for the 20-story building. The lower gain in performance from the LQR strategies under wind
for the 9-story building is attributed to the lower dynamic response of the structure to wind excitations.
The maximum reduction of the inter-story displacement and absolute acceleration reaches 36.3 % and 21
%, respectively, for the 9-story building under seismic hazard EQ3, and 28.2 % under hazard EQ5 and 37.6
% under hazard EQ1, respectively, for the 20-story building. The VFCC under both ON and LQR does
not mitigate EQ4 significantly, which can be attributed to the earthquake-specific dynamics. The passive-on
VFCC under blast loads leads to a maximum 13.4 % reduction of the inter-story drift for the 9-story building
and a maximum 94.8 % reduction of the acceleration for the 20-story building.
25
Table 5: Simulation results - J1 and J2.
hazard
9-story building 20-story building
J1(%) J2(%) J1(%) J2(%)
ON LQR ON LQR ON LQR ON LQR
wind 3.6 4.4 29.6 35.1 0.1 13.0 29.0 39.6
blast 13.4 − 85.6 − 10.4 − 94.8 −
EQ1 8.5 32.9 4.4 13.2 7.0 21.8 10.3 37.6
EQ2 6.6 19.0 4.7 14.4 2.1 15.6 6.0 15.7
EQ3 5.2 36.3 8.2 21.0 1.5 27.0 1.5 7.3
EQ4 3.1 6.9 6.5 9.0 0.8 10.7 1.2 1.2
EQ5 7.0 25.5 0.6 8.4 1.4 28.2 1.3 11.0
EQ6 8.9 29.2 4.7 12.1 4.2 22.2 8.0 19.9
Figs. 8 and 9 plot typical maximum response profiles for both buildings under different hazards. The
absolute acceleration under wind and blast loads, and the drift ratio under seismic load are selected as
examples. The seismic responses of the 9-story and 20-story (Figs.8(b) and 9(b)) buildings are shown
under seismic hazard case EQ6, which exhibits an average reduction in the maximum inter-story drift ratio
compared to the six seismic hazards. Figs. 8(a) and 9(a) show that the LQR case significantly outperforms
other cases under wind load for acceleration mitigation, and meets performance objectives unlike the UN
case for both buildings and the ON case for the 20-story building. The LQR case also outperforms under
control strategies under seismic (Figs. 8(b) and 9(b)), although the performance objectives are already
met under the UN case. Results from blast (Figs. 8(c) and 9(c)) show a net improvement from using the
VFCC in a passive mode, where the most significant mitigation comes from the first floor where the blast
load magnitude is the highest. Overall, all profiles show that mitigation is achieved by leveraging a higher
structure-cladding displacement, and that it is possible to satisfy all performance requirements by keeping
this displacement under the prescribed threshold.
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(a) (b)
(c)
Figure 8: Maximum response profile of 9-story building: (a) absolute acceleration under wind hazard; (b) drift ratio under
hazard EQ6; and (c) absolute acceleration under blast load.
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(a) (b)
(c)
Figure 9: Maximum response profile of 20-story building: (a) absolute acceleration under wind hazard; (b) drift ratio under
hazard EQ6; and (c) absolute acceleration under blast load.
6. Conclusion
A novel variable friction cladding connection (VFCC) has been previously developed by the authors to
leverage cladding element motion to mitigate wind, seismic, and blast hazards, and motion-based design
(MBD) procedures developed individually for each of these hazards. This paper integrates these results by
introducing an MBD procedure when more than one hazard is considered, termed multi-hazard.
The MBD procedure for multi-hazard mitigation was described. The procedure starts with the quantifi-
cation of each hazard under consideration and the performance objectives. It is followed by a selection of the
dynamic parameters of the connection under wind and seismic loads, after which the device’s impact bumper
is designed to satisfy motion requirements under blast. Lastly, the peak building responses are computed
and iterations conducted on the design parameters upon the satisfaction of the multiple motion objectives.
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Numerical simulations were conducted to verify the proposed MBD methodology and demonstrate the
capabilities of the VFCC on two example structures: a 9-story and 20-story building. Multiple hazards were
simulated, including wind, earthquakes, and a blast, and applied to the selected buildings with the designed
VFCC under the proposed MBD procedure. Performance was assessed under three control cases: 1) uncon-
trolled, where the cladding was linked to the structure using conventional elements; 2) passive-on, where
the VFCC is permanently set to maximum capacity; and 3) semi-active, where a full-state feedback linear
quadratic controller is used to determine the control gains. Simulation results showed that the MBD proce-
dure, conducted assuming the passive-on case, satisfied most of the motion criteria. The assessment of the
VFCC performance showed that semi-active control produced significantly enhanced mitigation capabilities
compared with the passive-on case under seismic and wind hazards. Overall, results presented in this paper
showed that the VFCC is a promising device, capable of mutli-hazard mitigation, and that MBD procedures
can be integrated at the structural design phase to produce structures capable of high performance versus
motion.
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